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A B S T R A C T   

From the time levulinic acid was listed as one of the top-12 building blocks for the sugars-high value compounds 
conversion, the interest in this compound increased. As part of its possible production route, the definition of 
viable separation schemes appears of paramount importance in the overall development of levulinic acid 
exploitation. Hybrid sequences where liquid-liquid extraction is followed by distillation were considered proving 
how the direct and direct -indirect separation schemes appeared to be the best alternatives in terms of total 
annual cost and environmental impact. These alternatives were further analyzed to improve their design by 
complementing the process simulator database with thermophysical experimental values. After obtaining a 
reliable design for the hybrid direct and direct-indirect configurations used as benchmarks, two intensified al-
ternatives were generated. The first intensified configuration is classified as thermodynamically equivalent 
sequence, while the second one includes a divided wall column. For both, it was achieved a reduction of the total 
annual cost of 11% without any penalty for the environmental impact compared to the reference case.   

1. Introduction 

The chemical 4-oxo-pentanoic acid, commonly known as levulinic 
acid (LA), is a multifunctional compound including in its structure both 
a keto and a carboxylic acid group. In 2004 the U.S. Department of 
Energy published the report “Top Value Added Chemicals from 
Biomass” [1] and listed LA as one of the highest-valued bio-based 
chemicals and counted it among the top 12 building blocks obtainable 
from sugars and convertible into high-value chemicals. Subsequently, 
the interest in its synthesis and purification substantially increased. LA 
can be produced following a synthetic route from petrochemical-derived 
feedstocks, through the Pd-catalyzed carbonylation of ketones [2] or by 
conjugate addition of primary aliphatic nitro compounds to acrolein on 
an alumina surface and oxidation [3]. However, as anticipated by Reid 
in 1956 [4], “although levulinic acid has been known since the 1870’s, when 
many of its reactions were first established, it has never reached commercial 
use in any significant volume. Reason for its slow development probably are 
expensive raw material and low yield, excessive equipment cost for its 

production, and physical properties detrimental to easy recovery and 
handling”. 

Regarding the cost of raw materials, considerable progress has been 
achieved since, starting from raw cellulosic feedstocks, LA can be ob-
tained by sequential steps of acid hydrolysis. In particular, the reaction 
includes the dehydration of hexoses to 5-droxymethylfurfural (HMF) 
and its subsequent hydration to LA and formic acid [5–7]. The biomass 
selection will always be the first step, and of primary concern in any 
feasibility work on the recovery of the target component(s). For LA 
production, different feedstocks were reviewed by Morone et al. [8] and 
more recently by Di Menno Di Bucchianico et al. [9]. Together with the 
feedstock selection, the choice of the catalyst stands out as an important 
issue that affects the yield of LA. Moreover, whether a homogeneous or a 
heterogeneous catalyst or a combination of the two should be chosen, is 
a topic of great interest. Sulfuric, phosphoric, and hydrochloric acids are 
the most common liquid catalysts used. For instance, Fachri et al. [10] 
found an LA yield of 74 mol % using a 0.1 M solution of D-fructose 
treated with 1 M sulfuric acid at 140 ◦C. Regarding heterogeneous 
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catalysts, Woo Lee et al. [11] reported that the proton donor ability of 
the heterogeneous catalyst is less than that of the homogeneous catalyst, 
resulting in a lower yield of LA. This aspect leaves the immobilization of 
Brønsted acid sites on heterogeneous catalysts an open challenge for the 
research community. Alongside feedstock screening and the kinetic 
studies, the synthesis of efficient separation processes and their 
modeling represents a step of paramount importance in the overall 
process economy. 

Taking as a reference well-established oil refineries, the separation 
and purification steps, usually performed by distillation, liquid–liquid 
extraction, crystallization, absorption, adsorption, and membranes, ac-
count for 40–50% of the total costs [12]. However, the case of bio-
derived compounds is more complex. The target component is often 
dilute, and the occurrence of water and oxygenated compounds further 
complicates the phase behavior making it even more complex owing to 
the presence of azeotropes. Furthermore, thermal stability needs to be 
taken into consideration which limits the operating temperature. In the 
case of LA, and in particular, mixtures where the product dilution is 
lower than 20 wt%, the separation costs account for 60–80% of the total 
production cost [13]. The acid biomass hydrolysis typically produces a 
diluted stream containing 3–8 wt% LA, 1–5 wt% formic acid (FA), and 
1–5 wt% furfural (F) [9]. Although LA itself does not form any azeotrope 
with the mixture components, the pair water-furfural forms a minimum- 
boiling, heterogeneous azeotrope at 97.8 ◦C and at a furfural content of 
64.5 wt%, while the pair FA-water forms a maximum-boiling hetero-
geneous azeotrope at 106.8 ◦C [14]. Ordinary distillation is therefore 
not feasible for this mixture. However, liquid–liquid extraction has the 
potential to separate the water-rich phase from the solvent-rich phase 
containing LA, FA, and F. The latter can be further processed by distil-
lation. For example, Seibert [15] proposed a separation process where F 
is used as the extracting solvent, then the extract is separated by a 
sequence of three distillation columns. LA is recovered as a bottom 
stream of the first column, the second column separates the F-water 
azeotrope as distillate that is recycled to the extractor feed, and a 
mixture of F-FA as residue. The two constituents of the latter are sepa-
rated in the third column where FA is recovered as distillate and F as 
residue. These alternatives can be defined as hybrid schemes according 
to the definition provided by Babi et. al. [16] where a hybrid unit is 
considered an operation that enhances the function of one or more unit 
operations performing a task or a set of tasks through a new design of the 
unit operation or a combination of more than one unit operations. 

Hybrid schemes where a liquid-liquid extraction is used to separate 
the aqueous phase were also applied in other bio-related separations, 
such as the acetone-butanol-ethanol (ABE) mixture [17–18], and bio-
ethanol [19,20]. Details on the synthesis and intensification of those 
processes were reported by Errico [21]. 

Even though hybrid liquid-liquid-extraction assisted distillation ap-
pears as a viable alternative for the LA separation, challenges might still 
arise in the modeling. In particular, the necessity to supplement the 
separation models with experimental data appears particularly relevant 
for bioprocesses. The widespread use of process simulators has somehow 
underestimated this aspect since the user relies entirely on the in-built 
component databanks and/or estimation methods. The topic was dis-
cussed by Wakeham and Assael [22] reporting, among other examples, 
how the experimentally measured value of toluene’s thermal conduc-
tivity changed over the years with a direct effect on the design equations 
of the unit operations where this value is used. Because toluene is a 
chemical used in several processes, its thermophysical properties both in 
the pure state and mixtures have been measured frequently and care-
fully and it is reasonable to rely on the data embedded in the process 
simulators for it. However, one cannot be so confident when new ma-
terials or hot topic components are constituents of a process system 
where their properties have either not been measured, or poorly 
measured. The substitute refrigerant R134a is an example of a pure 
material where this problem was initially acute [23] and the modern 
pursuit of the "hot topic of nanofluids" a more recent example [24]. 

With regard to LA, its physicochemical properties (density, dynamic 
viscosity, refractive index) at different temperatures and atmospheric 
pressure were reported by Ariba et al. [25]. Nikitin et al. [26] reported 
experimental data for LA including critical properties, heat capacities, 
thermal conductivity, and thermal diffusivities. The values were 
compared with those estimated by equations based on group contribu-
tion methods, and the results demonstrated that the critical pressure was 
underestimated by 23 to 24%. It is clear that good experimental data on 
the properties of LA and its mixtures with other compounds in the 
processes will not only enhance the databanks process simulators but 
will have the potential to improve considerably the process design of the 
unit operations used in the flowsheet synthesis. 

In this study, the separation of LA produced through acid hydrolysis 
is considered using hybrid configurations where liquid-liquid extraction 
is combined with distillation. The results obtained with the default pa-
rameters of the process simulator Aspen Plus were compared with those 
achieved integrating into the component data banks, experimental data 
for the components LA, FA, F, and the design corrected accordingly. 
After the definition of a reliable design, different intensified alternatives 
including a divided wall column and a configuration with thermal 
coupling were considered to improve the process feasibility. 

2. Review on hybrid separation schemes for LA separation 

The configuration proposed by Seibert [15], reported in Fig. 1a, is 
often considered as a benchmark when alternative liquid-liquid extrac-
tion and distillation configurations are proposed. The possibility to 
recover LA from acid hydrolysate was also considered by other authors 
with the aim of comparing different solvents [27,28]. In this work, the 
analysis is limited to the case of F as extracting agent according to 
published studies on LA separation [14,29,30]. Nhien et al. [14], 
applying heuristic rules, proposed an alternative configuration shown in 
Fig. 1b. In particular, the separation order of the components was 
changed with the azeotrope water-F being separated in the first distil-
lation column, the FA recovered as distillate in the second, and the LA as 
the residue of the third one. In this way, the authors reduced the reboiler 
duty associated with the high boiling point component and the corre-
sponding total annual cost (TAC). The same authors [14] further 
improved the configuration of Fig. 1b in order to minimize the amount 
of F lost in the azeotrope. This was realized by introducing a decanter at 
the top of the first column to take advantage of the heteroazeotrope and 
recover an F-rich phase used as reflux and a water-rich phase as distil-
late. The recovery of F depends on the decanter cooling temperature and 
represents an optimization variable. The corresponding configuration is 
displayed in Fig. 2a. 

This configuration was then used by the authors to generate an 
intensified top dividing wall column with a decanter configuration. 
Nevertheless, considering the synthesis procedure for intensified distil-
lation columns, discussed by Errico and co-authors [31–35], there is a 
direct correspondence between the simple column sequences and the 
intensified alternatives. This connection highlights the importance of 
screening the subspace that includes all simple column alternatives. The 
conclusion appears even more relevant given the work of Alcocer-Garcia 
et al. [30], where multiple dividing wall configurations were proposed 
starting from the configuration reported in Fig. 2c. However, based on 
the number of components in the feed and following Thompson and 
King [36], there are five possible configurations as reported in Fig. 2, 
and they all should be designed and compared before proceeding with 
the generation of intensified structures. This task was achieved by Errico 
et al. [29] using a different set of purity requirements than those of 
Nhien et al. [14], and Alcocer-Garcia et al. [30]. These differences 
render a direct comparison of the results obtained impossible. 

In this work, the set of configurations reported in Fig. 2 was designed 
with an emphasis on the setting of the decanter temperature and its 
performance depending on its position on the separation scheme. The 
design of the best configurations is repeated after integrating the process 
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Fig. 1. Hybrid liquid-liquid ordinary distillation sequences proposed by: (a) Seibert [15], (b) Nhien [14].  

Fig. 2. Possible sequences for hybrid liquid-liquid extraction combined ordinary distillation.  
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simulator databank with available experimental data for the properties 
of the F-LA-FA system. 

3. Design of hybrid liquid-liquid plus ordinary distillation 
configurations 

Based on the distribution of the components’ boiling point, with LA 
being the heaviest and water the lightest, the configurations of Fig. 2 can 
be renamed based on their separation order. Fig. 2a, where the com-
ponents are separated from the lightest to the heaviest, is termed the 
direct sequence (DS), Fig. 2b the direct–indirect (DI), Fig. 2c the 
indirect-direct sequence (ID), Fig. 2d the indirect sequence (IS), and 
Fig. 2e the symmetrical sequence (SS). 

All configurations were designed with Aspen Plus V12. The extractor 
was modeled by means of the rigorous countercurrent method “Extract” 
while “RadFrac” was used for the distillation columns. Sieve tray col-
umns were considered together with kettle reboilers and fixed tube 
condensers. Tray efficiency and pressure drops were neglected. The 
decanter was modeled using the “Decanter” model for 2 liquid phases 
and no vapor. The NRTL-Hayden-O’Connell thermodynamic method 
was used to describe the liquid-liquid-vapor phase equilibria [14,29,30]. 
The available binary interaction parameters for the system were auto-
matically retrieved from the Aspen Properties database, while those for 
LA-FA, LA-water, and LA-F were estimated using the UNIFAC method. 
The configurations were compared based on the associated TAC and the 
environmental impact ReCiPe method. 

Data for the evaluation of the operating costs were retrieved from the 
Aspen Plus data bank. The capital costs were evaluated as equipment 
costs by the Aspen Process Economic Analyzer and annualized consid-
ering a 10-year project life. We also employed the “ReCiPe” methodol-
ogy which is a method for life cycle impact assessment based on 18 
midpoint indicators grouped into three categories: damage to human 
health, damage to the ecosystem, and damage to resource availability. 
The ReCiPe model is an improvement of the Eco-Indicator 99 already 
applied to compare different process alternatives [17,37,38]. The data 
used for the impact evaluation is reported in section S1 of the Supple-
mentary Material. 

Following Nhien et al. [14], a feed flow rate of 90000 kg h− 1 at 25 ◦C 
and 2 atm was considered composed, on a weight basis, of 3% FA, 4% F, 
7% LA with the rest being water. The purity targets were fixed based on 
the commercial request for 98% wt. of LA, 85% wt. of FA, and 99.9% wt. 

of F to be recirculated as extractive solvent. In this work, a purity 
constraint of 90% wt. for the water stream was additionally introduced. 

The liquid-liquid extractor was designed to achieve a LA recovery of 
99% on a mass basis in the extract stream. The number of stages and the 
solvent flow rate were used as optimization variables, resulting in a 
design with 36 stages and a solvent-feed ratio of 1.2. Details on the 
extractor optimization are reported in section S2 of the Supplementary 
Material. The design of the extractor remains unchanged for all con-
figurations in Fig. 2. 

The design of the distillation columns was performed considering the 
number of stages, feed location and reflux ratio as optimization vari-
ables. The overall recovery target for LA was set at 99.5% wt. based on 
the amount of LA in the furfural-rich stream obtained from the liquid- 
liquid extractor. The distillate (or residue) flow rate was defined based 
on material balances. Owing to the presence of the heteroazeotrope the 
decanter temperature also represents an optimization variable. Nhien 
et al. [14] proposed a temperature of 60 ◦C based on the fact that the F 
loss in the water phase is decreased by decreasing the temperature of the 
decanter inlet stream. Alcocer-Garcia et al. [30] used a value of about 
98 ◦C that corresponds to the azeotropic temperature of the system. The 
definition of the decanter temperature can be performed by analyzing 
the mutual solubility data for the system F-water [39] reported in Fig. 3. 

Based on the data shown on Fig. 3, the highest recovery of F is ob-
tained at the lowest temperature. However, limiting the cooling utility 
to water available at 20 ◦C, considering a minimum driving force of 10 
◦C, and a FA recovery of 90%, the decanter temperature was set to 40 ◦C 
in order to satisfy the water purity constraint. The analysis of the 
decanter performance in the temperature range 30–80 ◦C is reported in 
section S3 of the Supplementary Material. 

It should be noted that the columns’ operating costs were evaluated 
considering medium-pressure steam for the columns performing the 
separation of the F-water azeotrope and the FA. The bottom temperature 
of the column separating LA is typically 249 ◦C. Taking into account that 
to high-pressure steam corresponds a temperature range 240–250 ◦C, its 
choice was considered not reasonable [40,41]. In contrast to Nhien et al. 
[14], hot oil available at 280 ◦C was chosen as a utility stream. 

The design parameters, the energy consumption and the economic 
indexes for the configurations of Fig. 2 achieving the design constraints 
are shown in Table 1. 

The DS and DI configurations reached the predefined purity and 
recovery targets but, for the ID case, even if the purity targets were 

Fig. 3. Conjugated liquid phases composition-temperature diagram (o) water layer, (Δ) furfural layer.  
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satisfied, the recovery of FA was only 79% compared to the 90% ach-
ieved by DS and DI. This is due to the difference in temperature of the 
vapor stream leaving the column where the decanter is connected. In the 
DS and DI sequences the first column vapor head temperature is 100 ◦C, 
while in the second column of the ID sequence it is 112 ◦C with the 
consequence of a vapor richer in FA that is then lost in the water layer 
separated in the decanter. 

Not surprisingly the IS and SS alternatives were not able to satisfy the 
purity and the recovery targets for the water and FA streams. For both IS 
and SS the water layer separated in the decanter is fed to the water-FA 
separation column. However, this stream is composed of 0.5% wt. of 
FA, 8.5% of F with water as the remainder, limiting the purity of FA 
achievable to about 74% wt. 

The conclusion of this analysis is that the DS and DI configurations of 
Fig. 2a,b showed the best performances in terms of TAC and ReCiPe 
index without a significant difference between them to prefer one 
configuration over the other. This result validates the studies of Nihen 
et al. [14] that used the DS configuration to generate an alternative 
intensified version. However, the decision of Alcocer-Garcia et al. [30] 
to use the ID configuration of Fig. 2c as a reference and starting point for 
the generation of different intensified alternatives, appears not to be 
supported by a thorough analysis of the other simple column 
alternatives. 

4. Analysis of the components’ properties 

It is well known that the design of unit operations based on phase 
equilibria is profoundly influenced by uncertainties in the thermo-
physical properties of the fluid systems. In fact, a different distribution of 
the components between two equilibrium phases results in different 
performances and different design parameters to reach the purity con-
straints set during the problem formulation. A case study on binary and 
ternary mixtures separated by distillation was presented by Wakeham 
et al. [42], which demonstrated the importance of the estimation 

methods and their integration in commonly used process simulators. 
The NRTL-Hayden O’Connell thermodynamic model, chosen for the 
simulations in the present work requires the components critical tem-
perature, critical pressure, radius of gyration, dipole moment, as well as 
binary interaction parameters for each pair of chemicals. 

The data retrieved from the Aspen Database for all the components 
except water, are reported in Table 2. 

4.1. Critical properties, boiling point and dipole moment 

The measurement of the critical properties is a significant challenge 
when the compound has the tendency to decompose. This is particularly 
true for LA and it is not surprising that the literature contains the results 
of several different approaches. 

Chakraborti et al. [43], estimated the critical parameters of LA by 
applying a molecular simulation approach, and reported Tc = 755 K and 
Pc = 30.57 bar. Nikitin et al. [26], published experimental data obtained 
through the pulse-heating method, namely for the critical temperature 
766 K and 53.1 bar for the critical pressure. The boiling point measured 
by Sah and Ma [44] is equal to 518.7 K, which is consistent with the 
range of values, 518–519 K reported in the CAS database [45]. This 
value is, however, over 10◦ lower than the one contained in the Aspen 
database. 

For formic acid, according to Kudchadker et al. [46] the critical 
temperature is 588 ± 10 K. In the Dechema database a value of 581.2 K 
is recommended that is within the confidence interval provided by 
Kudchadker et al. [46]. Formic acid́s critical pressure cannot be exper-
imentally evaluated owing to the decomposition reactions observed in 
the experimentally-determined phase and reaction diagram reported by 
Montgomery et al. [47]. The Dechema database gives a value of 55.0 
bar. While formic acid́s boiling point is reported to be 373.87 K [48] in 
agreement with Aspeńs database. 

For furfural, critical properties of 670 K and 55.10 bar, respectively, 
were recommended by Kudchadker et al. [46]. However, it was stated 
that those are probably not experimental values. The value of the critical 
temperature agrees with the value provided both by Aspen and the 
Dechema. The latest data available for the critical pressure reported in 
the Dechema database is 58.9 bar while its boiling point was measured 
at 434.85 K [49] in agreement with the value used by Aspen. 

Experimental values for the dipole moment are not available for LA 
but the values published for FA and F are in agreement with the Aspen 
database [50,51]. 

4.2. Binary interaction parameters 

Binary interaction parameters extracted from Aspen database are 
summarized in Table 3. 

Resk et al. [52] published P-x data for the LA-water system for a 
temperature of 60 ◦C and argued that the NRTL model fitted with their 
data also reproduced the T-x-y data published by Shilńikova and Eki-
mova [53]. This set of data is also included in the NIST database. 
Applying thermodynamic consistency tests, it is possible to obtain an 
overall data quality coefficient that is close to zero for a poor-quality 
data and close to unity in the case of good-quality data. This coeffi-
cient is evaluated based on the results of the Herington test, Van Ness 
test, Point test, Infinite dilution test, Equation of state test, and endpoint 

Table 1 
Design parameters and comparison indexes for the configuration of Fig. 2 
reaching the purity targets.    

Fig. 2a (DS) Fig. 2b (DI) Fig. 2c (ID) 

Column 
½/3      

Number of 
stages 

20/35/18 20/18/30 18/19/30  

Feed stage 11/25/14 11/14/12 14/8/15  
Reflux ratio 
[mass base] 

-/57.50/0.13 -/0.13/47.3 0.09/-/57  

Distillate [kg 
h− 1] 

3432.02/ 
322.50/ 
104000 

3432.02/ 
104322/ 
322.5 

107755/ 
3486.6/289  

Residue [kg 
h− 1] 

110640/ 
110317/ 
6317.5 

110640/ 
6317.5/ 
104000 

6317.5/ 
104268/ 
103979  

Diameter [m] 2.68/1.91/ 
3.21 

2.68/3.24/ 
1.75 

4.14/1.86/ 
1.75  

Condenser duty 
[MW] 

2.51/4.10/ 
14.30 

2.51/14.48/ 
3.39 

17.76/2.27/ 
3.38  

Reboiler duty 
[MW] 

9.35/4.17/ 
14.45 

9.35/14.77/ 
3.46 

23.50/2.88/ 
3.44  

Purity [% 
wt.]      

LA 98.20 98.20 98.20  
FA 85.10 85.10 85.10  
Water 91.30 91.30 90.30  
F-Recycle 99.90 99.90 99.90 

Annualized capital cost [k$ 
yr− 1] 

318 322 413 

Operative cost [k$ yr− 1] 2685 2656 3292 
TAC [k$ yr− 1] 3003 2978 3705 
ReCiPe [Points yr− 1] 1.35⋅108 1.37⋅108 2.2⋅108  

Table 2 
Components’ properties critical temperature (Tc), critical pressure (Pc), boiling 
point (Tb), dipole moment (Dip), and radius of gyration (Rgyr) from the Aspen 
Database.   

Tc [K] Pc [bar] Tb [K] Dip [debye] Rgyr⋅1010 [m] 

LA  738.00  40.20 530  1.33708  3.675 
FA  588.00  58.10 373.71  1.41502  1.847 
F  670.15  56.60 434.85  3.5975  3.35  
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consistency test. 
For the data available, the overall data quality coefficient is equal to 

0.088 indicating it is not of good quality. For this reason, it was decided 
not to use those data to regress the binary coefficient for the water-LA 
pair. Details on the thermodynamic consistency test can be found in 
Wisniak et al. [54]. 

5. Impact of the components’ properties on the hybrid liquid- 
liquid plus ordinary distillation design 

The new set of properties reviewed in Section 4.1 and summarized in 
Table 4, were included in the Aspen Database and used in the simulation 
of the DS and DI configurations of Fig. 2a,b selected in Section 3 based 
on their TAC and ReCiPe index. 

The effect of applying the data reported in Table 4 on the simulation 
for both DS and DI configurations was considerable: it was simply not 
possible to attain the purity and recovery targets for FA. This difficulty 
could be overcome by changing the number of stages or the reflux ratio 
of the column where the FA is recovered. However, if the effect on a 
column that was already operating is to be considered, it is easier to 
change the reflux ratio as a strategy. To reach the LA purity requirement, 
for both configurations was necessary to increase the reflux ratio by 
2.0% when compared to the initial reflux ratio reported in Table 1. This 
corresponds also to an equivalent increase of the condenser and reboiler 
duties, OC, and TAC. The new TAC associated with the DS configuration 
is 3011 k$/yr while 2980 k$/yr was evaluated for the DI system. In both 
cases the ReCiPe index was not subjected to comparable variations. 

6. Synthesis and design of intensified alternatives 

The correspondence between the best simple column sequence and 
the best intensified alternative has been extensively discussed and 
proved for several different cases [31,55,56]. Based on this principle, the 
configurations DS and DI were examined to generate different intensi-
fied alternatives. Starting from the DS of Fig. 2a different alternatives 
can be generated by the substitution of reboilers and (or) condensers 
associated to non-product streams followed by different column section 
recombination techniques. Nevertheless, configurations obtained by 
elimination of the reboiler associated to the second distillation column 
have been discarded. This is because of the shift of the vapor boil-up for 
the third and second column to the reboiler associated with the heaviest 
compound and then to the hottest utility. More promising are those al-
ternatives that are obtained by intensification of the first two distillation 
columns of the sequence leaving the third column unchanged. The 
configuration in Fig. 4a was obtained from the corresponding DS by 
removing the reboiler of the second column and rearranging the column 

sections in a way such that the FA is separated in an external stripping 
section connected to the first column by a thermal coupling. This 
alternative is classified as a thermodynamically equivalent configura-
tion. Integrating the single stripping section, numbered as section 3 in 
Fig. 4a, into the first column, it is possible to obtain the divided wall 
configuration shown in Fig. 4b. This is the maximum level of intensifi-
cation achievable based on the idea of leaving the column performing 
the separation of LA unchanged. 

Intensification opportunities derived from the DI configuration of 
Fig. 2b are limited since it is not convenient to remove the first column 
reboiler and provide all the vapor boil-up through the reboiler associ-
ated with LA. Moreover, the possibility of substituting the second col-
umn condenser with a thermal coupling appears to be of limited impact. 
This configuration was already designed by Errico et al. [29] achieving 
only a 2% saving in the operating cost if compared to the DI configu-
ration. For this reason, only the two configurations reported in Fig. 4 
were examined further. 

The design of the configurations in Fig. 4 followed the principle of 
column section recombination. It is based on the correspondence of 
configuration parameters, e.g. number of stages and feed locations of the 
intensified configurations, from the simple column sections from which 
they are derived [33,34]. For the scheme displayed in Fig. 4a it remains 
to evaluate the vapor-side stream that connects the first column with the 
second, while for the one in Fig. 4b the vapor split between the two sides 
of the wall needs to be specified. In both cases the minimum value that 
assures reaching the purity constrains was chosen. A summary of the 
intensified alternative performances in terms of TAC and ReCiPe index is 
reported in Table 5. 

The results presented in Table 5 clearly demonstrate that both 
intensified configurations outperformed the DS of Fig. 2a from which 
they are derived. In particular, the thermodynamically equivalent and 
the configuration with a DWC (Fig. 4a and 4b, respectively) achieved a 
TAC reduction of about 11 %. It is also remarkable to observe that the 
configuration with the DWC achieved a reduction of about 8 % in the 
annualized capital costs owing to the high degree of intensification. In 
both cases an improvement in the environmental index was not 
observed. This is because the highest impact is associated with the light 
oil used in the reboiler associated with the LA stream, and in the cases 
considered it was left unchanged. 

7. Conclusions 

The separation of levulinic acid produced through biomass acid hy-
drolysis was examined by analyzing different hybrid flowsheets where 
liquid-liquid extraction was followed by ordinary distillation. It was 
proved that among all the possibilities only the hybrid direct, direct- 
indirect, and indirect-direct were able to achieve the purity target set. 
Nevertheless, the indirect-direct configuration was penalized not only 
because it had the highest TAC and environmental indexes compared to 
the other alternatives, but also because of the limitation of the maximum 
recovery of formic acid achievable. The selected configurations were 
further analyzed to study the influence of the thermophysical properties 
on the simulation results. For both configurations a 2% offset was 
observed in the purity required for the formic acid. The result shows the 
necessity for experimental data on thermophysical properties, especially 

Table 3 
NRTL binary interaction parameter extracted from the Aspen database.  

Component i Component j aij aji bij bji 

Water FA − 2.5864 4.5156  725.017  − 1432.08 
Water F 4.2362 − 4.7563  − 262.241  1911.42 
Water LA 0* 0*  1030.13*  − 261.318* 
FA F 0 0  46.1655  289.216 
LA FA 0* 0*  − 337.828*  569.5972* 
LA F 0* 0*  − 336.725*  859.563* 

* Estimated by UNIFAC method. 

Table 4 
The new set of properties updated in the Aspen Database and difference (Δ) with 
respect to the original value.   

Tc [K] Pc [bar] Tb [K] ΔTc [%] ΔPc [%] ΔTb [%] 

LA  766.00  53.10  518.70 +3.8 +32.1 − 2.3 
FA  581.20  58.10  373.71 +1.2 0 0 
F  670.15  58.90  434.85 0 +4.1 0  
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for bioderived compounds where simulator databases mostly rely only 
on estimated data. 

Intensified alternatives were finally examined with the aim to 
perform the separation more economically competitive and with a 
reduced environment impact. Two intensified alternatives were 
considered. The first, obtained introducing a thermal coupling and 
recombining the column sections, the second with a further intensifi-
cation by introducing a divided wall column. Both alternatives showed 
promising results in terms of total annual costs by saving 11% compared 
to the direct configuration. No environmental benefit or penalty was 
observed for these alternatives and both of them represent a valuable 
option to make the large-scale production of levulinic acid closer to a 
practical reality. 
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[53] L.L. Shilńikova, N.V. Ekimova, Liquid-vapor equilibrium in the system water +
levulinic acid. Gidroliz. Lesokhim. Prom-st., 21 (1968) 15-16. 

[54] J. Wisniak, A. Apelblat, H. Segura, An assessment of thermodynamic consistency 
tests for vapor-liquid equilibrium data, Phys. Chem. Liq. 35 (1997) 1–58. 

[55] B.-G. Rong, A. Kraslawski, Partially thermally coupled distillation systems for 
multicomponent separations, AIChE J. 49 (2003) 1340–1347. 

[56] M. Errico, G. Tola, B.-G. Rong, D. Demurtas, I. Turunen, Energy saving and capital 
cost evaluation id distillation column sequences with a divided wall column, Chem. 
Eng. Res. Des. 87 (2009) 1649–1657. 

S. Tronci et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1383-5866(23)00074-6/h0065
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0065
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0065
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0070
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0070
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0070
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0080
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0080
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0080
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0080
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0085
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0085
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0085
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0085
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0090
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0090
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0090
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0090
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0095
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0095
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0095
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0095
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0100
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0100
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0100
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0105
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0105
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0105
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0110
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0110
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0115
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0115
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0115
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0115
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0120
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0120
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0120
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0125
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0125
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0125
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0130
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0130
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0130
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0135
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0135
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0135
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0140
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0140
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0145
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0145
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0150
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0150
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0150
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0150
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0155
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0155
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0155
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0160
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0160
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0165
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0165
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0165
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0170
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0170
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0170
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0175
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0175
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0175
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0175
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0180
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0180
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0185
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0185
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0185
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0185
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0190
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0190
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0190
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0190
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0195
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0195
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0200
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0200
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0200
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0215
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0215
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0215
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0220
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0220
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0230
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0230
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0230
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0235
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0235
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0235
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0255
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0255
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0260
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0260
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0260
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0270
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0270
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0275
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0275
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0280
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0280
http://refhub.elsevier.com/S1383-5866(23)00074-6/h0280

	Analysis of hybrid separation schemes for levulinic acid separation by process intensification and assessment of thermophys ...
	1 Introduction
	2 Review on hybrid separation schemes for LA separation
	3 Design of hybrid liquid-liquid plus ordinary distillation configurations
	4 Analysis of the components’ properties
	4.1 Critical properties, boiling point and dipole moment
	4.2 Binary interaction parameters

	5 Impact of the components’ properties on the hybrid liquid-liquid plus ordinary distillation design
	6 Synthesis and design of intensified alternatives
	7 Conclusions
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


